Summary: This study identified a novel role for ITK signalling through IRF4 for the differentiation and function of induced Tr1 cells from mice and humans. The main comparisons were performed between induced Tr1 cells from FOXP3/IL-10 dual reporter mice, either WT or ITK KO. The authors used several experimental methods and also studied induction of human Tr1 cells from healthy controls in the presence or absence of ITK inhibitors.
As ITK is described to be important in TCR signalling is the phenotype of ITK -/-cells a result of these cells not being as efficiently activated? Do the KO cells upregulate activation markers to the same extent? It is stated that they proliferated equally but data is not shown -this is important and should be included. At the first introduction of ITK it should be named in full and discussed in more detail, a comment in the introduction on known differences in downstream signals of TCR/ITK would help contextualise the data. It should also be briefly described how efficient the ITK KO model is i.e. what is the percent residual kinase activity?
Specific comments:
Only a few gating strategies are shown for isolation of starting cell populations; these should be included as supplemental data for all FACS analysis/sorting approaches. It is also unclear whether viability staining was performed in all experiments and whether dead/dying cells have been excluded from analyses/sorting.
In the methods it is stated that for in vitro differentiation of mouse Tr1 cells there was varying amounts of IL-27 (20-25ng/mL), anti-IFNy, anti-IL-12 (5-10ug/mL) added and TGFbeta was sometimes added. Also that analysis was performed 48-72h later. These are large variations and without knowing exactly which culture conditions/time of induction was used in each experiment it is hard to compare the data, particularly as cytokine profiles can vary greatly from 48-72h -the method used to generate data in each experiment needs to be clear. Why was this time (48-72h) chosen as a read out? Does the IL-10 profile change over longer period of in vitro culture/with repeated TCR stimulation?
The culture conditions for mice Tr1 cells is quite different to that used for human Tr1 cell differentiation where IL-2, IL-15 and IL-10 are added. It has been shown that some Itk -/-effects on Th polarization is due to altering IL-2 sensitivity, does adding these additional cytokines to mouse cultures affect the results? Fig 1A. The phenotype of the generated dual reporter ITK-/-should be briefly described, do they develop any spontaneous autoimmunity, have defects on any other cell types. Do they have the expected phenotype of increased Th1 and Tregs and decreased Th17, Th2 and Th9? The bar graphs showing %Tr1 -what is this a percent of? How are induced Tr1 cells defined, seems to be only by IL-10 expression, without a more extensive phenotype shown of the IL-10+ cells this is insufficient. Given this is such a drastic phenotypic difference it would be good to also show by direct protein staining and at mRNA level for IL-10 (and IL-4 as true Tr1 cells should be IL-4neg). Fig 1B. The authors focus on the ability to induce Tr1 cells from the ITK KO mice, although it appears that there is no difference in the levels of circulating in vivo derived IL-10+ CD4+ T cells, this is not discussed (levels in spleen actually look higher in KO mice!). It would be interesting to see if the same phenotype of reduced cMAF, AhR and IRF4 is evident in the IL-10+ cells isolated from KO mice vs WT without any manipulation. Title '% of Tr1' appears to be a typo. Interestingly the viral infection is driving more IL-10 induction than the helminth infection in 1C, perhaps the authors could comment on this and also that there doesn't appear to be a significant affect on the ability of FOXP3+ cells to produce IL-10 in the ITK-/-mice. Is this defect in IL-10 induction restricted to the lung or generally seen throughout the mice? Gating needs to be shown for assay analysis, in particular were dead responders excluded from analysis and was %death different between conditions. Rather than % proliferation % suppression should be shown, calculated using the division index as per McMurchy and Levings 2012 EJI. It is insufficient to only show suppression assays at a 1:1 ratio, a range of suppressor: responder cells to at least a 1:16 ratio should be shown. It would have been nice to see a direct investigation of the importance of IL-10 secretion for suppressive function through either transwell assays, adding IL-10 bAb or IL-10R nAb or by adding back recombinant IL-10 to the Itkas+3MBPP1 wells to same levels seen in WT Tr1 well to see if suppression could be restored.
It should be made clear in the discussion that the role for Itk in Tr1 development has mainly been shown in vitro and it is unexplored whether it is required for in vivo differentiation in humans.
Minor comments:
The PCR cycling conditions and machine used should be provided.
In some figure legends the number of mice/patients used for each experiment and the number of experiments that are pooled are unclear -fix throughout. It is not enough to state n > x, the exact n should be stated.
Most statistical analysis used Student's t tests were used, was a test of normality done to determine normal distribution of the data sets being analysed? Otherwise the non-parametric Mann-Whitney test is a more suitable test.
Reviewer #2 (Remarks to the Author):
This paper by Huang et al, "ITK signaling via IRF4 regulates the development and function of type 1 regulatory T cells" reports a mechanism by which ITK signaling under TCR stimulation regulates Tr1 development in vitro and in vivo. The authors report that IL-10 production by FoxP3-T cells require ITK signaling in several systems. Itk deficient mice or ITK inhibitor showed reduction of the frequency and number of IL-10+Foxp3-T cells (Tr1 cells) in various organs following TCR activation, and in mucosal system during parasitic and viral infections. They also showed ITK signaling is important for regulating balance between IFNg and IL-10 in Tr1 differentiation and trans-differentiation of Th17 into Tr1 cells. Furthermore, they showed a molecular mechanism by which IRF4 rescue Tr1 cell differentiation in Itk deficient cells. They also performed a suppression assay by which Itk signaling is important for Tr1 function in vitro. Thus, the authors conclude that TCR/ITK/IRF4 pathway is required for functional development of Tr1 cells.
Major critique:
The data presented in the paper are clear, that ITK signaling under TCR stimulation is important for Tr1 cell development and function, however the importance of TCR signaling for T cell differentiation is expected and therefore detract somewhat from novelty of the observations unless they show specificity of this cascade compared to other TCR signaling cascades. Furthermore, they did not show which protein is phosphorylated by ITK and binds on IRF4 transcription promoting region. Current analysis is not sufficient for proving this molecular mechanism of TCR/ITK/IRF4 pathway. Minor points: 1. In Figure2d, the author showed IL-10 production from Tr1 cells is less by BMS treatment than CNX, however surface molecule expressions of Lag3, CD49b and PD-1 are less by CNX treatment than BMS. It is worthwhile to have a comment on this discrepancy. 2. In Figure2, the author showed IL-10 production from exTh17 cells was less in ITK signal deficient cells. To prove the effect is not due to cell survival, they should analyze the expression of transcription factors upregulated in Tr1 differentiation using these cells. 3. In Figure4, the author showed a suppression assay using differentiated Tr1 cells. To understand the function of Tr1 cells, it is better to include anti-IL-10 antibody treatment in the system to show how much of the suppressive effect is induced by IL-10.
In summary, this is an interesting paper showing that ITK signaling is important for Tr1 development. They also suggest a sequential interaction between ITK and IRF4 for IL-10 production from Tr1 cells. However, many of the key pieces of data are not provided to clearly support that this is the molecular mechanism responsible for the observed phenotypes.
Response to reviewer # 1's comments on NCOMMS-16-15371 "ITK signaling via IRF4 regulates the development and function of type 1 regulatory T cells". Changes are indicated by the highlighted areas in the revised manuscript:
1. Comment: "The induced-Tr1 cells cannot be called Tr1 cells without a full phenotyping and cytokine secretion profile being shown." Response: Tr1 cells have been well characterized and were termed as Tr1 cells based on the previously described characterization by the groups of Flavell, Roncarolo, Kuchroo, Quintana, and others 1-4 . This characterization is based on their expression of transcription factor Foxp3 -and cytokine IL-10 + , and coexpression of surface markers LAG3 and CD49b. The purpose of this work was not to characterize Tr1 cells as a novel T cell subset, instead, to understand the role of ITK signaling in this previously well defined population. 2. Comment: "The levels of IL-10 production are only assessed at the protein level in humans, with one mouse experiment looking at mRNA levels, the authors should also assess changes in the levels of IL-10 mRNA transcripts in human cells, to determine if the inhibition of ITK is reducing IL-10 expression at both the transcriptional and translational level." Response: We thank the reviewer for this suggestion, and now present data on the level of IL-10 transcripts in human CD4 + T cells polarized under Tr1-differenitating condition, in the presence or absence of ITK inhibitors (see Fig.  3c ), (revision on pg. 7, line 138). 3. Comment: "As ITK is described to be important in TCR signaling is the phenotype of ITK-/- cells a result of these cells not being as efficiently activated? Do the KO cells upregulate activation markers to the same extent? It is stated that they proliferated equally but data is not shown - this is important and should be included." Response: This is a good question and one that we have tested. We conclude that this is not a result of the fact that the cells are not being activated, since all cells equally expressed Ki67, a marker of cells that are proliferating. We have now also added data of the T cell early activation markers CD25 and CD69 (Fig.  2c) , and cell proliferation dye dilution (Fig. 2d) , suggesting that at a minimum, the cells are able to receive sufficient signal to cause them to become activated and proliferate in the absence of ITK (revision on pg. 5, line 108). 4. Comment: "At the first introduction of ITK it should be named in full and discussed in more detail, a comment in the introduction on known differences in downstream signals of TCR/ITK would help contextualise the data. It should also be briefly described how efficient the ITK KO model is i.e. what is the percent residual kinase activity?"
Response: This was an oversight on our part since the Itk -/-mice have been so well characterized and described in the literature. We have now included the full name of ITK and a statement on the previously described phenotypes of the Itk -/-mouse model in the introduction. Note that the Itk -/-mouse model is a complete knockout of the Itk gene, and no protein is expression, and so there is no residual kinase activity (revised on pg. 3, line 57, 65). 5. Comment: "Only a few gating strategies are shown for isolation of starting cell populations;; these should be included as supplemental data for all FACS analysis/sorting approaches. It is also unclear whether viability staining was performed in all experiments and whether dead/dying cells have been excluded from analyses/sorting." Response: We have now included gating strategies in the supplementary materials, including gating for naïve CD4 + T cell sorting, cultured and freshly isolated T cells, retroviral transfected T cells, and T cells in suppression assays (Supplemental Fig. 7) . A fixable viability dye staining was performed in all analyses as addressed in the original manuscript, METHOD/Flow cytometry section. 6. Comment: "In the methods it is stated that for in vitro differentiation of mouse Tr1 cells there was varying amounts of IL-27 (20-25ng/mL), anti-IFNy, anti-IL-12 (5-10ug/mL) added and TGFbeta was sometimes added. Also that analysis was performed 48-72h later. These are large variations and without knowing exactly which culture conditions/time of induction was used in each experiment it is hard to compare the data, particularly as cytokine profiles can vary greatly from 48-72h -the method used to generate data in each experiment needs to be clear. Why was this time (48-72h) chosen as a read out? Does the IL-10 profile change over longer period of in vitro culture/with repeated TCR stimulation?" Response: We have added a supplementary figure indicating that TGF-b has limited effect in Tr1 cell differentiation in vitro in our hands ( Supplementary  Fig.  4) , and so we used data generated without TGF-b in the main figures of the manuscript. We have also included the kinetics of Tr1 cell differentiation in vitro, which showed that percentage of IL-10 + Foxp3 -Tr1 cells differentiated from WT and Itk -/-naïve CD4 + cells exhibited significant difference from 48 hours on and remained significantly different even up to 144 hours from the initial culture time point (Fig.  1) -/-Tr1 cell differentiation by high dose of IL-2 (10 ng/ml, roughly 2000 U/ml). This data is now included in Supplementary Fig. 4 . We have also added a discussion, with comparison of this observation to that reported in ITK function during Th9 differentiation 5 (pg. 11, line 229). 8. Comment: " Fig 1A. The phenotype of the generated dual reporter ITK-/-should be briefly described, do they develop any spontaneous autoimmunity, have defects on any other cell types. 6 . Additions of the reporters do not generate any additional modifications to the IL-10 or Foxp3 genes, but merely report on the expression of these genes. So these mice are still only Itk deficient and so behave the same as the Itk -/-that are not crossed to the reporter mice. During our investigation, in addition to Tr1 cell differentiation, we have used the WT and Itk -/-IL-10 GFP /Foxp3 RFP dual reporting cells for Th1, Th17 and iTreg cell differentiation (Reviewer Fig.  1,  a) , with results consistent with what we and our colleagues reported previously [7] [8] [9] [10] . The bar graphs showing % Tr1 are a percentage of IL-10 + Foxp3 -CD4 + T cells among viable CD4 + T cells. We have clarified this in the legends. The characterization of whether they are Tr1 cells has been done as described in the other figures and discussed above in response to the previous query, i.e. profile of expression of surface marker (CD49b/LAG3), transcription factor (AHR, cMAF, IRF4) and most importantly, IL-10/Foxp3. IL-4 is very low or not detectable in cells with this combination phenotype 3 . Consistently to what others found, we have observed low level of IL-4 expression in CD4 + T cells cultured using our Tr-1 polarizing condition (Reviewer Fig.  1,  b) . 9. Comment: " Fig  1B. The authors focus on the ability to induce Tr1 cells from the ITK KO mice, although it appears that there is no difference in the levels of circulating in vivo derived IL-10+ CD4+ T cells, this is not discussed (levels in spleen actually look higher in KO mice!). It would be interesting to see if the same phenotype of reduced cMAF, AhR and IRF4 is evident in the IL-10+ cells isolated from KO mice vs WT without any manipulation. Title '% of Tr1' appears to be a typo." Response: The IL-10 + T cells in Itk -/-spleen in the steady state exhibit low level of LAG3 and CD49b expression, so it is unlikely that these are Tr1 committed cells. Given the low number of these cells, our attempt to isolate and fully characterize these cells with our available mouse stock has not been successful. We have modified the figure legend to clarify this and added the LAG3/CD49b staining data, along with our discussion about this phenotype in the steady state. We thank the reviewer for pointing this out and hope that this clarification is acceptable (revised on pg. 5, line 92, 113). 10. Comment: " Fig  1C. I am glad to see these data showing pathogen-driven in vivo generation of IL-10 producing cells, this is important, although again a full phenotype should be shown to call them Tr1 cells. Why were the lungs isolated for analysis of CD4+ T cells following helminth infection? Are the same differences seen in the MLN, peripheral blood, spleen etc as per 1B?" Response: We have added the data of LAG3/CD49b expression to verify the Tr1 cell phenotype (new Fig.  1d) . N.B. travel through the lungs to mature, until about 5 days post infection, before homing to mouse guts where they are expelled 11 . In our hands, 7 days post N.B. infection, CD4 + T cells isolated from the mesenteric lymph nodes and spleen showed moderate level of induction of IL-10 production and small or no increase in number of Tr1 cells (Supplementary  Fig.  6g ). Cells isolated from the lungs of infected mice showed the most significant induction of IL-10 + Foxp3 -LAG3 + CD49b + Tr1 cells (Fig.  1c  &  d) . 11. Comment: " Fig  1D. Interestingly the viral infection is driving more IL-10 induction than the helminth infection in 1C, perhaps the authors could comment on this and also that there doesn't appear to be a significant affect on the ability of FOXP3+ cells to produce IL-10 in the ITK-/- mice. Is this defect in IL-10 induction restricted to the lung or generally seen throughout the mice?" Response: Influenza A viral infection has been reported to trigger high levels of IL-10 production in T cells in the lungs, moderate levels of IL-10 expression in T cells in the pulmonary draining lymph nodes, but very limited induction of IL-10 expression in the spleen 12 . We have seen similar tends, and added the data that Tr1 cells were higher in WT draining lymph nodes than in Itk -/-mice, and that there is no induction and so no difference in the spleens (Supplementary Fig.  6h ). In this work, Foxp3 is mainly used as a marker in Tr1 cell definition and to exclude the classical Response: ITK is downstream of the TCR, and it is not surprising that when stimulated through TCR by anti-CD3/CD28, we were unable to induce rapid IL-10 production that can be captured within hours by the Brefeldin A and Monensin. Given the other major data on Tr1 cell development added to this revised manuscript, we felt that it is better to relocate the data on the function of ITK in regulating the balance IL-10/IFN-g production into the supplementary information and engage it during discussion, so as to maintain the focus on the work on its role in Tr1 differentiation and function. + T cells 3 , we have plotted LAG3/CD49b using total viable CD4 + cells (Fig.  3  b  &  d) . The LAG3/CD49b double positive Tr1 cells have been extensively investigated in their suppressive function in both human and mouse 3 . Note that we are unable to evaluate the role of ITK in the suppressive ability of the human Tr1 cells since, in the co-culture system, inhibiting ITK in the human Tr1 cells also inhibits ITK activity in the responding cells. However, we are able to do this experiment only because we have the Tr1 cells from the ITKas expressing mice, which we can uniquely inhibit ITK activity of the Itkas Tr1 cells with the 3MBPP1, without affect the ITK activity in the responding cells (Fig.  4) . ] reporter mouse models 13 . This is a quintuple (5;; each bracket indicates one transgene) transgenic modification, and to generate Itk -/-, it becomes sextuple (6), furthermore to generate Itkas-KI using Itk -/-, it is eventually a septuple (7) transgenic mouse-breeding program. Due to limited time, funds and space, we are unable to do this. Given the other major data on Tr1 cell development added to this revised manuscript and the lack of in vivo data to support the function of ITK in Th17 trans-differentiation in Tr1 cells, we felt that it is better to relocate the data of the possible function of ITK in regulating the exTh17 cell transdifferentiation into Tr1 cells into the supplementary information and engage it with the current manuscript in discussion. We have also added data about viability, proliferation, and transcription factors in the supplementary information for discussion ( Supplementary  Fig.  5 ).
17. Comment: "Fig 3. It is unclear what 'background' histogram represents. Again, dot plots showing gates are required for all data only shown in histogram or bar plots. Are the differences in cMAF due to differences in culture conditions between mice and humans?"
Response: The "background" level was the naïve CD4 + T cell level used as control. We have added the dot plots and changed the legends as suggested by the reviewer. It is possible that the discrepancy in cMAF expression is due to the difference in culture conditions between mouse and human cells, and we have added this discussion (revised on pg. 8, line 166). We thank the reviewer for this helpful comment.
18. Comment: " Fig 3G. It is stated that IRF4 re-expression rescued Tr1 cell development, this appears to only be a partial rescue and text should be amended to reflect percent rescue and again is entire phenotype rescued or only IL-10 expression? Show stats between Itk-/- and WT populations on bar graph."
Response: It is unlikely that we would get complete rescue given the fact that the reintroduced IRF4 is driven by a non-native promoter and need to be incorporated after cells are activated overnight. However, our data suggest that IRF4 expression is a critical factor regulated by ITK that explains the defect seen in the absence of Itk. We have added data showing that the other Tr1 markers LAG3 and CD49b are also rescued. As suggested by the reviewer, we have amended the text to discuss this partial effect and included data on the other markers of Tr1 cells, as well as the statistical analysis of Itk -/-and WT cells in the bar graphs (revised on pg. 9, line 179, 189). Response: We have previously reported that ITK is required for Th17 differentiation but IRF4 expression in Itk -/-CD4 + T cells cultured under Th17-differentitiating condition is normal 7 . The role of IRF4 downstream of ITK in T cell development and function is a long# term interest of our group and we continue to explore this, however, this work is beyond the scope of the current manuscript.
[Redacted]
We have also isolated WT (Fig.  6c ).
Comment: "Fig 4.
Gating needs to be shown for assay analysis, in particular were dead responders excluded from analysis and was %death different between conditions. Rather than % proliferation % suppression should be shown, calculated using the division index as per McMurchy and Levings 2012 EJI. It is insufficient to only show suppression assays at a 1:1 ratio, a range of suppressor: responder cells to at least a 1:16 ratio should be shown. It would have been nice to see a direct investigation of the importance of IL-10 secretion for suppressive function through either transwell assays, adding IL-10 bAb or IL-10R nAb or by adding back recombinant IL-10 to the Itkas+3MBPP1 wells to same levels seen in WT Tr1 well to see if suppression could be restored."
Response: As discussed in the response to the gating query above, all flow cytometry experiments include gating for singlets and for viability, including all Tr1 suppression assays ( Supplementary  Fig.  7e ). We have expressed the data as % suppression as suggested by the reviewer. In brief, Division Index (DI) was calculated using the FlowJo "Proliferation Platform", in which Division Index (DI)
is defined as the ratio of "the total number of divisions/the number of cells at start of culture". We thank the reviewer for the detailed comments and helpful suggestions, and hope that these changes bring the manuscript to the level where it can be accepted for publication. models) in the supplementary information (Supplementary Fig. 6 ). We have seen higher worm burden in N.B.-infected and high death rate in WSN-infected Itk -/-mice than WT controls. Given the complex role of ITK in anti-parasitic Th2 and antiviral Tc1 cell development, it is hard to attribute all phenotypes to its function in Tr1 cells. We used these infectious disease models to trigger Tr1 cell development in vivo, with the aim of determining ITK function in Tr1 cell differentiation in vivo. We had discussed these outcomes accordingly (revised on pg. 13, line 284). (Fig. 8) .
6. Comment: "In Figure2d, the author showed IL-10 production from Tr1 cells is less by BMS treatment than CNX, however surface molecule expressions of Lag3, CD49b and PD-1 are less by CNX treatment than BMS. It is worthwhile to have a comment on this discrepancy."
Response: We utilized these inhibitors of ITK on human T cells to show that 2 different ITK inhibitors are able to affect this pathway in these cells. However, these two inhibitors have different characteristics and IC 50 s, as well as off target effects, and so it is likely that the difference between these two inhibitors is a reflection of this. Note that our work with the 3MBPP1 is much more indicative of what would happen when we only inhibited ITK activity, however, we are not able to use this inhibitors in the human T cells for obvious reasons. We have discussed this in the revised discussion (revised pg. 13, line 279).
7. Comment: "In Figure2, the author showed IL-10 production from exTh17 cells was less in ITK signal deficient cells. To prove the effect is not due to cell survival, they should analyze the expression of transcription factors upregulated in Tr1 differentiation using these cells."
Response: Given the new major data on Tr1 cell development added to this revised manuscript and the lack of in vivo data to support the function of ITK in Th17 trans-differentiation in Tr1 cells, we felt that it is better to relocate the data on the potential function of ITK in regulating the exTh17 cell trans-differentiation into Tr1 cells into the supplementary information and engage it with the current manuscript in discussion. We have also added data about viability, proliferation, and transcription factors in the supplementary information for discussion. 
